a Acceptor-doped BaZrO 3 is currently the most promising ceramic proton conductor for application in electrolyzers and reactor membranes. Its overall proton conductivity is, however, limited by spacecharge formation due to defect segregation to grain boundaries (GBs). In this contribution, we determine the vibrational contribution to the free energy of GB formation and defect segregation in the symmetric S3 (112) [ 110] O with increasing temperature. As a consequence the onset for hydration of the GB core is shifted towards lower temperatures. For the dopants we find that both the segregation energy and entropy correlate with the ionic radius, where they are positive for the smaller dopants (Sc and In) while negative for the larger (Y, Gd). In turn, this leads to similar segregation free energies for all species, which are close to zero, at high temperatures where dopants are mobile, implying that dopant segregation is almost entirely driven by segregated positively charged defects.
Introduction
Proton-conducting perovskite-structured oxides such as BaZrO 3 have attracted considerable attention over the last decade due to their high partial proton conductivity, and nd application as electrolytes and membranes in electrochemical applications such as solid oxide fuel cells, electrolyzers and chemical reactors.
1 Acceptor-doped BaZrO 3 has emerged as the most promising proton-conducting oxide at intermediate temperatures (400-700 C) as it combines high bulk proton conductivity with chemical stability towards CO 2 .
2-4 Several recent advances in this eld are based on ceramic cells that use derivatives of BaZrO 3 as the electrolyte, [5] [6] [7] [8] which emphasize the importance of this material.
Polycrystalline BaZrO 3 , however, exhibits resistive grain boundaries (GBs), which ultimately deteriorates the overall performance of BaZrO 3 -based devices. This phenomenon has been investigated intensively and it is generally accepted that the high GB resistance is due to positively charged GB cores, resulting in space-charge regions surrounding the cores which are effectively depleted of protonic charge carriers. [9] [10] [11] Theoretical studies of a variety of different GBs, [12] [13] [14] [15] [16] [17] [18] [19] [20] and also a recent experiment using atom-probe tomography, 21 have shown that the charged GBs stem from accumulation of both doubly charged oxygen vacancies ðv O Þ and protons ðOH O Þ. None of these theoretical studies, however, consider free energies of defect segregation, but rather the energy at zero Kelvin thus neglecting the temperature dependence and zero-point vibrational contribution to defect segregation energies. The phonon contribution to defect formation and segregation in BaZrO 3 has recently been determined for the bulk material, [22] [23] [24] surfaces and thin lms 25, 26 showing that vibrational contributions affect the relative stability of v O and OH O . One might therefore suspect that such contributions may be important also for prediction of GB defect chemistry, especially at the high temperatures employed for preparation of polycrystalline materials (typically above 1700 K).
Segregation of acceptor dopants ðM 0 Zr Þ to GBs has also been observed experimentally, especially in samples prepared at high temperatures. 9, 10, 21, [27] [28] [29] This phenomenon has not yet been considered from a theoretical point of view and it is not clear whether dopant segregation is driven only by the attractive space-charge potential, or if dopants are thermodynamically stabilized at the GB core in the same way as v O and OH O . For surfaces, yttrium dopants have been shown to favour the surface plane BaZrO 3 (ref. [30] [31] [32] and one may foresee that this also is the case for GBs.
In this contribution, we assess the free energy of defect segregation to the symmetric S3 (112) [ 110] tilt GB in BaZrO 3 through rst-principles phonon calculations. This GB displays a low formation energy and can be represented in a fairly small supercell, 12, 15 which makes it suitable for the present study due to the demanding nature of free energy calculations. This choice is further justied by the fact that the same GB has been observed experimentally with high-resolution transmission electron microscopy in cubic SrTiO 3 , 33 which is structurally similar to BaZrO 3 . In addition to v O and OH O , we consider segregation of four typical trivalent acceptor dopants with different ionic radii: Sc, In, Y, and Gd. The segregation properties are evaluated in a thermodynamic space-charge model in order to obtain equilibrium defect concentrations in the GB core and the resulting potential barriers, at different temperatures.
Methodology
Density functional theory (DFT) calculations have been carried out using the projector augmented wave method 34, 35 as implemented in VASP. [36] [37] [38] [39] The semi-local PBE 40 functional was used to describe exchange and correlation and the plane wave cutoff energy was set to 500 eV. An 8 Â 8 Â 8 Monkhorst-Pack grid was used for k-point sampling of the BaZrO 3 primitive bulk cell, which yields a lattice constant of a 0 ¼ 4.236Å. The smallest GB supercell with sufficient GB separation, which we here on refer to as the primitive GB cell, contains 90 atoms and the unrelaxed cell dimensions are ffiffiffi Fig. 1 ). Both this primitive cell and a 1 Â 2 Â 1 supercell expansion (180 atoms) were considered for calculating GB properties, while only the larger supercell was considered for the defect calculations. Initially, a 6 Â 6 Â 1 k-point grid was used for the primitive GB cell, in accordance with grid size used for the bulk system. Further convergence tests showed, however, that a 4 Â 4 Â 1 grid was sufficient and the corresponding k-point density was later used in the defect calculations. The convergence criteria for electronic relaxation was set to 10 À8 eV, and both ionic and volume relaxations were performed until residual forces were below 0.4 meVÅ À1 .
Segregation free energies were evaluated according to
where D f G GB def and D f G bulk def are the formation free energies of the defect 22 at the GB and in the bulk region, respectively. The segregation free energy can be decomposed into the electronic contribution D seg E el def and a vibrational (phonon) part
where the small contribution from the pV-term has been neglected. A corresponding expression can be introduced for the segregation entropy
In the calculations all structures have been completely relaxed (i.e. ionic positions, and cell volumes and shapes), which implies that free energies are calculated at constant pressure (zero pressure) conditions. 22 Phonon calculations have been performed using phonopy, 42 where force constants have been determined within the harmonic approximation using nite displacements of 0.005Å. The vibrational contribution to the free energy and entropy is given by
where n q,s is the frequency of mode s with momentum q. The segregation entropy D seg S def is given by the change of the frequencies n q,s between the conguration with the defect located at the GB and in the bulk region. Differentiating the 
which for all frequencies is less than zero. In the classical limit (kT [ hn q,s ) the expression simplies to Àk/n q,s and becomes independent of temperature. From eqn (7) we can deduce that a blueshi (redshi) of a frequency will cause an decrease (increase) in the entropy. Together with the thermodynamic relation
this implies that the free energy will increase (decrease) with temperature if the frequencies are blueshied (redshied).
3 Results and discussion
Grain boundary properties
First, we consider the defect free symmetric S3 (112)[ 110] GB. In contrast to previous studies 12, 15 of this GB, where cell relaxation only was permitted perpendicular to GB interface, here we perform a full relaxation of the cell shape and structure. We nd that the GB expansion is 0.17Å per GB, which is slightly larger than found previously, 12, 15 while the area of the GB is reduced by 0.2%. The GB expansion is more signicant than the GB area reduction and the net effect of the GB formation is a volume expansion of 0.4% per GB in the primitive GB cell.
The GB formation free energy is determined according to the
, where G GB and G bulk are the free energies of the GB and bulk systems, respectively, and A is the GB area of the relaxed GB structure. An equivalent expression is used for calculating the GB formation entropy (interchange G with S). For the bulk system we use a supercell with the same orientation and number of atoms as for the GB system that allows us to perform phonon calculations at the same q-points in both systems. At zero Kelvin we obtain g(0) ¼ 52 meVÅ À2 , which is slightly higher than previously reported values for this GB.
12,15
The vibrational frequencies projected onto the ions in the GB plane are subject to a redshi, while the frequencies associated with the ions next to the interface are blueshied, especially those for Ba and O. The overall effect is a blueshi and, hence, a negative entropy and the free energy increases as function of temperature (see Fig. 2 ).
The two considered system sizes, the GB primitive cell (1 Â 1 Â 1) and the 1 Â 2 Â 1 supercell expansion, yield very similar GB formation entropies and free energies (see Fig. 2 ), which suggest that the results are converged. Additionally, further convergence tests were performed with the supercell in order to study the effect of the q-point sampling scheme. Two different schemes were considered: (1) using only the explicit q-points resulting from the supercell expansion (q 1 ¼ [0, 0, 0] and q 2 ¼ [0, 1/2, 0]) and (2) using a mesh of q-points along the expanded dimension with frequencies obtained through interpolation.
The rather good agreement between the two (see Fig. 2 ) suggests that using the explicit q-points in the present case is adequate for obtaining free energies and entropies with sufficient accuracy.
Defect segregation
Next, we consider segregation of defects to the GB starting with v O and OH O followed by the acceptor dopants Sc, In, Y and Gd. All defect calculations are performed with the 1 Â 2 Â 1 supercell and phonons are only evaluated at the G point, a choice that is justied by q-point convergence for the defect free system (see Section 3.1).
The insertion of a defect into the GB supercell causes a symmetry reduction, which gives rise to an increase in the number of displacements required to compute the vibrational frequencies for the defective system. This is most prominent for a single proton, which requires 1086 displacements, as to be compared with the 83 displacements required for the defect free GB. However, since there are two identical GBs in the supercells (due to the periodic boundary conditions), it is possible to reduce the number of displacements by inserting two defects symmetrically into the supercell and thereby preserving an amount of symmetry in the system. In the present case this operation reduced the number of displacements by a factor of two for all defects. For this approach to be feasible the two defects need to be far enough apart so that there is no interaction between them. We have considered both one and two defects for v O and OH O and, as will be shown in Fig. 4 , this approach works remarkably well with very similar segregation entropies and free energies per defect for the supercells containing one and two defects. We therefore only performed phonon calculations with two defects in the supercell for the acceptor dopants.
3.2.1 Oxygen vacancies and proton interstitials. Segregation of v O and OH O in the S3 (112)[ 110] GB have been studied previously and it is well established that the most favorable site for both defects is located in the plane next to the GB plane 12, 15 (see Fig. 1 ). We therefore only consider this site here. As a representation of the defects in bulk we consider the oxygen site that is furthest away from the GB interface. There are, however, two distinct proton sites at this oxygen ion due the lower symmetry of the GB supercell and we refer to them as B1 and B2 (see Fig. 1 ).
The segregation energy of v O is found to be À1.53 eV, while for OH O it is À0.83 eV and À0.79 eV with the B1 and B2 sites as bulk reference, respectively. A less negative segregation energy using B2 implies that this conguration is lower in energy by 0.04 eV compared to B1. These segregation energies are all slightly more negative than found previously for the same GB at constant volume.
12,15 Defect formation volumes have also been determined, both in the bulk region and at the GB core. The formation volumes are given in terms of the chemical expansion coefficient, which is calculated as described in the work by Jedvik et al. 43 The expansion coefficients for defects in the bulk region are in good agreement with the corresponding ones in bulk supercells 22, 43 (see Table 1 ), which further indicates that the present GB supercell size is sufficient. The expansion coefcient at the GB is similar compared to bulk for OH O but signicantly more negative for v O , where the latter can be explained by the removal of short O-O distances when forming the vacancy in the GB core.
We now turn to the vibrational properties of the two defects. When v O segregate to the GB core there is a redshi in the frequencies associated with Ba and O, while those for Zr are less affected. The redshi stems from that the vacancy formation relieves the system from the compressive strain that follows from the short O-O distances at the GB core. For OH O it is the high frequency OH-stretch and bend modes that are affected by the presence of the GB. The corresponding frequencies vary quite substantially at the different sites, even for B1 and B2 where the results for B1 agrees better with the corresponding frequencies in a bulk supercell 22 (see Table 2 ). Largest differences are seen for the stretch mode and the bend mode parallel to the Zr-O-Zr axis, which are denoted n 1 and n 3 in Table 2 , respectively. The frequency of the former, which is signicantly reduced at the GB, correlates with the distance between the proton and the next nearest neighboring oxygen ion, where a shorter distance weakens the O-H bond and reduce the frequency. The bend mode frequency, on the other hand, is increased at GB and this is due to that the distance to the neighboring Zr ions is reduced. All modes at the three sites (B1, B2 and GB) show local vibrational motion with distinct peaks except for n 3 at B1, which interacts with the oxygen band and becomes dispersed over the frequency range 641-765 cm À1 . The zero-point vibrational energies stabilize both v O and OH O at the GB core by about 0.02 eV. They also stabilize B1 with respect to B2, however, B2 is still more favorable (see Table 2 ).
With the phonon spectra, we can now consider entropies and free energies. The formation entropies of v O and OH O are given by a difference between two systems with different number of vibrational modes and will therefore not approach a temperature independent value at high temperatures. 44, 45 The formation entropy in the bulk region for v O and OH O is shown in Fig. 3 . For OH O at the B1 site and for v O it agrees very well with the bulk supercell counterpart, 22 which suggests that the supercell is sufficiently large for the purpose of studying defect segregation. The entropy at B2, on the other hand, is slightly different, which can be explained by the frequencies of the local proton vibrational modes (see Table 2 ). The largest contribution to the entropy is given by the lowest frequency, which is similar for B1 and the bulk supercell and correspond to the n 3 mode. For B2, however, the frequency of the same mode is increased by about 200 cm À1 and the entropy therefore decreases. The difference in entropy between B1 and B2 affects the relative stability of the two sites and above 300 K the free energy of B1 becomes lower. As all practical applications using acceptordoped BaZrO 3 operate above room temperature B1 will be considered as the bulk reference site from here on. This choice is further motivated by the fact that both the vibrational properties and the chemical expansion for B1 are in better agreement with calculations for bulk supercells (see Tables 1 and 2 ). The segregation entropy for v O is found to be positive and converges to a value of about 0.2 meV K À1 at around 400 K (Fig. 4) . As a result, the free energy decreases with increasing temperature from À1.6 eV at 0 K to about À1.9 eV at 2000 K (Fig. 4) . The positive segregation entropy is a result of the aforementioned redshi, where the vibrational motion of the oxygen ions stands for the largest contribution. The proton segregation entropy is found to be negative and becomes fairly constant above 700 K, at a value of about À0.04 meV K
À1
. This small negative entropy leads to a segregation free energy that increases slightly with temperature and is fairly constant in the regime where protons enter the material. Similarly to the formation entropies, the negative segregation entropy is due to that n 3 is increased at the GB (see Table 2 ).
As outlined previously, the segregation entropy and free energy per defect were calculated with both one and two defects in the supercell, where the latter was considered in order to reduce the number of displacements in the phonon calculations. The difference is found to be quite small (see Fig. 4 ) and this justies the choice of considering two defects in the supercell (later to be used for the acceptor dopants) and thereby decreasing the computational cost by a factor of two.
The 25 In contrast to the results we present here, the segregation entropies were found to be positive for both defects and the corresponding magnitudes were found to be larger. This surface thus behaves qualitatively different for OH O compared to the GB considered here. Both systems, however, share the property that the magnitude of segregation entropy is less pronounced for OH O than v O , which indicates that proton segregation is already quite well described at zero Kelvin. 3.2.2 Acceptor dopants. GB segregation of acceptor dopants has not been considered previously and we therefore begin with calculating the segregation energy D seg E el def at all zirconium sites in the GB supercell, where the site furthest away from the GB plane serves as bulk reference. The result for four different trivalent dopants is presented in Fig. 5 , all with ionic radii larger than tetravalent Zr. For the two larger dopant ions, Y and Gd, the lowest energy site is located in the GB plane and is associated with segregation energies of À0.32 and À0.51 eV, respectively. Sc and In, on the other hand, behave differently with positive segregation energies at the same site, and only with a slight tendency for segregation to the second plane from the GB plane for In. Furthermore, the segregation energies are correlated with the dopant ionic radius, where the energies decrease when the radius increases.
Chemical expansion coefficients have also been determined for the dopants, which are all positive and become larger with increasing ionic radius (see Table 1 ). The dopants that display positive segregation energies (Sc and In) have slightly larger chemical expansion coefficients in the GB plane compared to bulk while the opposite holds for Y and Gd, but the differences are quite small.
The vibrational properties are also affected by the ionic radius. The phonon contribution to the dopant formation entropies have been calculated both with the dopants situated in the bulk region and at the GB plane and all entropies are found to be positive and to attain a constant value at around room temperature (Fig. 6 ). For each individual site the magnitude of the entropy increases with the ionic radius and the effect is more prominent at the bulk site with entropies ranging from 0.22 meV K À1 for Sc to 0.85 meV K À1 for Gd. The corresponding interval in the GB plane is 0.30 meV K À1 to 0.60 meV K À1 . The major contribution to the formation entropies stems not from the dopant itself but from the vibrational motion of O followed by that of Ba, which both experience a redshi due to the dopant induced distortion. This explains why the dopant ionic radius, which is related to the amount of strain the dopant exerts on its environment, rather than the mass of the dopant correlates with the formation entropies. Furthermore, the smaller spread in the entropies at the GB is due to that the contributions from O and Ba are more similar in this case compared with when the dopants are located in the bulk region. This indicates that the GB is less sensitive to size of the dopant and this is likely due to the GB expansion, which results in less compressive strain upon dopant formation compared with the bulk. One might suspect that the same mechanism is behind the segregation energies, i.e., that the dopant formation energies are more sensitive to the dopant species in the bulk compared to the GB region. Since the range of formation entropies in the GB plane lies within the corresponding interval in bulk it follows that the formation entropy increases at the GB for Sc and In while it decreases for Y and Gd. This leads to dopant segregation entropies that become positive for Sc and In while negative for Y and Gd (Fig. 7) . The segregation entropies display an almost linear correlation with the ionic radius, similar to that of the segregation energies (see Fig. 5 ). As a consequence of that the segregation energy and entropy depend on the ionic radius in a similar fashion, the two properties compensate each other in the free energy (see Fig. 8 ). This leads to segregation free energies that are almost zero for all dopants above 1700 K, which is where dopants become mobile. Noticeable dopant segregation should therefore occur only if driven by other defect species.
On a nal note, the results presented here strongly suggest that the difference in dopant segregation energies and entropies for the different species is mainly a consequence of differences in the bulk phase rather than in the GB region. Hence, it is reasonable to assume that these properties are less sensitive the choice of GB and the results presented here concerning dopants may therefore transfer to other GBs in acceptor-doped BaZrO 3 systems.
Space-charge modelling
Finally, we assess the defect chemistry of the S3 (112) [ 110] GB from the calculated free energies of defect segregation using a space-charge model. The same GB has previously been studied using space-charge modelling in the work by Helgee et al. 15 Here, however, we only consider segregation to the site with the lowest energy. Helgee et al. 15 considered several sites, also those with less negative segregation energies. The present treatment will therefore reduce the number of available segregation sites.
For both v O and OH O the site with the lowest energy is located in the plane next to the GB plane and there is an equivalent site on the opposite side of the GB plane (see Fig. 1 ). The formation of an v O at this site leads to that the oxygen ion on the opposite side relaxes into the GB plane. It is thus very likely that segregation to the second oxygen site becomes considerably less favorable when the rst site becomes occupied by a defect. Correspondingly, if an OH O forms at the segregation site the oxygen ion on the opposite side forms an hydrogen bond with the proton and also in this case the segregation to the second site is likely to become less favorable. These two segregation sites are therefore treated as a single site in present space-charge modelling, which was not the case in the study by Helgee et al. 15 This leads to a GB core site concentration of 2 per GB unit for both v O and OH O . For the acceptor dopants we only consider the Zr site in the GB plane. For Y and Gd that is the segregation site with lowest energy. Segregation of dopants were not considered by Helgee et al.
15
A description of the specic core-space-charge model used here can be found in ref. 25 O in the space-charge region. To further elaborate, the GB core concentrations and spacecharge potential were calculated for the temperature interval 350-1800 K (Fig. 10) thereby reducing the core charge and the potential. The maximum space-charge potential F ¼ 0.59 V is obtained at about 800 K. The free energy treatment becomes important when considering segregation of the dopants to the GB core, at synthesis temperatures around 1800 K (see Table 3 ). When excluding the phonon contribution the dopant core concentrations vary considerably (due to the different segregation energies), with Gd almost completely saturating the lattice site while the core concentration of Sc barely is enhanced compared to the bulk concentration. The space-charge potential does not display the same variation, which is due to that the dopant segregation is accompanied by additional segregation of v O that compensates the negative charge of the acceptor dopants. By accounting for the phonon contribution, however, the free energies of segregation of the dopants are more similar (Fig. 8 ) and the dopant dependency on the defect core concentrations diminishes. The potential is slightly higher here due to that phonons stabilize v O in the core. Furthermore, since the potential is positive there is in both cases also an accumulation of dopants in the space-charge region next to the GB core. Due to dopant segregation the space-charge potential is reduced by 0.2 V, from 0.50 V to 0.31 V at 1800 K. This is consistent with the increase of the conductivity seen for the annealed samples in ref. 28 ; the activation barrier for the GB conductivity is decreased by a about 0.3 eV. Furthermore, our nding that the dopant core concentration is similar for different dopants is also in qualitative agreement with experimental results, where Y and Gd 10 /Sc 28 were found to segregate to the GB core in similar amounts. The actual dopant concentrations obtained here are, however, higher compared to the experimental results, where the dopant concentrations were found to be between 1.2 and 2.8 times larger at the core compared to the bulk. 9,10,21,27-29 Larger core concentrations (above 2 times the bulk concentration) were found in samples that were annealed for a longer time at higher temperatures, 28, 29 which should more closely resemble equilibrium conditions and are thus more comparable to our results.
The overestimation of core concentrations can be related to the neglect of strain interactions since the space-charge model treats defect-defect interactions in a purely electrostatic manner. This should be most prominent for v O since the core concentration is almost saturated for this species (see Table 3 ). Including strain interactions between v O will most likely lead to less negative segregation energies at high concentrations that in turn would limit the overall accumulation of v O in the core.
Consequently, the resulting space-charge potential will be smaller and fewer acceptor dopants will therefore segregate. The inuence of vacancy-dopant interactions is probably weaker since they appear both at the GB and in bulk and the effect on the segregation energies would therefore be small. Nevertheless, our results are in general agreement with experimental studies on acceptor-doped BaZrO 3 , which indicate that dopants accumulate in the GB and space-charge layers.
Conclusions
In this contribution we have determined the thermodynamics of the S3 (112)[ 110] GB in BaZrO 3 and the free energy of defect segregation to its core from rst-principles calculations. The calculations reveal that the GB free energy is 52 meVÅ À2 at zero
Kelvin. The free energy increase with temperature due to a negative formation entropy and the GB thereby becomes less stable at high temperatures. The GB exhibits v O and OH O segregation energies of À1.53 and À0.83 eV, respectively, which are in line with previous theoretical studies. By including zero-point contributions both defects are slightly stabilized at the GB core with segregation enthalpies of À1.55 and À0.85 eV. explained by the signicant lattice relaxations it induces in the GB and the following redshi of the phonon spectrum. Spacecharge modelling reveals that inclusion of phonons shis the temperature onset of hydration of the GB core to lower temperatures due to stabilization of v O , but also affects the predicted core concentrations and the space-charge potential becomes slightly higher. Furthermore, the considered acceptor dopants (Sc, In, Y and Gd) exhibit segregation energies to the GB plane ranging from 0.22 eV for Sc to À0.51 eV for Gd, where a larger ionic radius yields a more favorable segregation energy. The dopants also exhibit distinctly different segregation entropies, which for Gd and Y are negative while being positive for In and Sc, and these correlate with the ionic radii in the same way as the segregation energies. Hence, at temperatures above 1700 K where dopant are mobile, which correspond to synthesis conditions, their segregation free energies are nearly the same and close to zero. As a consequence, dopants only segregate due to attraction with segregated positively charged defects (in this case v O ). In the space-charge modelling this leads to very similar defect core concentrations and space-charge potentials for all dopants, as opposed to when the phonon contribution is not taken into account and the results vary considerably for the different species. The predicted dopant segregation reduces the space-charge potential with about 0.2 V, in line with experimental ndings.
To conclude, this study shows the importance of using free energies in accurate prediction of defect chemistry and spacecharge formation in GBs in acceptor-doped BaZrO 3 . This especially concerns dopant segregation, which becomes important at the high temperatures where the material is being fabricated. The results presented here will thus be of value in the further development of BaZrO 3 -based materials and devices.
